To define the molecular mechanism(s) that activate insulin receptor gene transcription during cell differentiation, we tested nuclear extracts from BC3H-1 muscle cells for their binding to the 5'-flanking region of the human insulin receptor gene. DNA binding activity of nuclear extracts was low in undifferentiated BC3H-1 cells and increased significantly during differentiation. Gel retardation assays, combined with DNase I footprinting, showed that the increased insulin receptor gene transcription occurring during differentiation was directly correlated with the appearance of DNA binding proteins that specifically interacted with two AT-rich sequences of the regulatory region of the insulin receptor gene. Fibroblast growth factor, a known inhibitor of the transcription of muscle-specific DNA binding proteins, did not inhibit the appearance of these insulin receptor DNA binding proteins. When 3T3-L1 cells differentiate from preadipocytes to adipocytes, insulin receptor gene transcription significantly increases. In differentiated adipocytes, the same two insulin receptor DNA binding proteins markedly increased. Reporter gene analysis with the two AT-rich sequences demonstrated that both of these regions of the insulin receptor gene had the characteristics of promoter rather than enhancer elements. Thus, these proteins interacting with these AT-rich sequences may have major importance in regulating the expression of the insulin receptor in target tissues. (J. Clin.
Introduction
In muscle, insulin regulates a number of key metabolic functions, including membrane transport, enzyme activity, and protein turnover ( 1) . The initial interaction of insulin with muscle and other cells is via its receptor located in the plasma membrane (2) (3) (4) (5) . Cultured mouse and rat cell lines have been employed to study the in vitro regulation ofthe muscle insulin receptor (6, 7) . These cells grow as undifferentiated myoblasts when kept at low densities in media with high serum concen-trations (8) (9) (10) . However, when confluent cells are grown in media with low serum concentrations, the cells morphologically differentiate into myocytes (8) (9) (10) (11) . Concomitant with differentiation into myocytes, there is an increase in insulin binding to its receptor (6, 12, 13) .
BC3H-1 cultured mouse muscle cells have been studied extensively and show a 5to 10-fold increase in insulin receptor content when myoblasts differentiate into nonfusing myocytes (6, 12, 13) . In comparison with undifferentiated myoblasts, myocytes demonstrate enhanced effects of insulin on the regulation of several biological functions, including glucose and amino acid transport, protein kinase activity, and phospholipid turnover (6, 14, 15) . In target cells the insulin receptor has been shown to be under the regulation ofhormones, metabolites, and differentiation (2-5, 16, 17) . Recently we investigated the effect of muscle differentiation on the insulin receptor in BC3H-1 cells ( 12) . Increased insulin receptor content occurred after differentiation and reflected an increase in insulin receptor biosynthesis. This was accompanied by a 5to 10-fold increase in insulin receptor mRNA abundance.
Myogenic differentiation involves the determination of multipotent stem cells to monopotent myoblasts followed by differentiation into myocytes that express muscle-specific genes. Recently, several proteins, homologous to the members of the myc family, have been reported to play a major role in skeletal muscle cell differentiation. These proteins include MyoD 1 and myogenin (18, 19) . When BC3H-1 myoblasts transform into myocytes, there is a marked increase in the gene expression ofmuscle specific proteins such as creatine phosphokinase and the nicotinic acetylcholine receptor (8-11, 13, 20) . When the gene expression of the nuclear regulatory protein myogenin in BC3H-1 cells is blocked by either treatment with fibroblast growth factor ( FGF) ' or by treatment with an antisense oligomer to myogenin, muscle differentiation and the expression of muscle specific proteins is prevented (20). However, neither FGF nor antisense myogenin oligonucleotide prevent the expression of the insulin receptor that occurs during differentiation ( 13, 20) . Thus, the insulin receptor in muscle is under the regulation of other regulatory proteins.
The insulin receptor promoter has been sequenced and analyzed (21) (22) (23) (24) (25) . The promoter region extends from the ATG codon (+1) to 1800 bp upstream where an Alu sequence begins. The insulin receptor promoter has neither a TATA box nor a CAAT box, but has common sequences for Sp 1 and other nuclear binding proteins (21) (22) (23) (24) (25) (26) . In this study we have analyzed the regulatory region of the insulin receptor gene using a gel retardation assay combined with DNase I footprinting (27) . We find that there are at least two insulin receptor DNA binding proteins in BC3H-1 cells whose expression increases markedly during differentiation. These proteins are also observed in 3T3-Ll cultured adipocytes and other cells that readily express insulin receptors. Cell culture conditions. BC3H-1 mouse muscle cells were cultured as described previously ( 12, 13) . Undifferentiated cultures were maintained at subconfluent densities in DME medium H-21 with 20% FBS. Differentiation of BC3H-I cells was induced by exposing myoblasts to media containing 1% FBS. For experiments with undifferentiated BC3H-I myoblasts, cells were used after 3 d in culture with continuous 20% FBS. Where appropriate, FGF was added to cultures at a concentration of 30 ng/ ml. HepG2, IM-9, and HTC cells were also grown in the same medium as BC3H-1 cells with 10% FBS.
Methods
Nuclear run-on transcription assay. Previously published procedures were used to study the transcriptional activity of the insulin receptor gene during differentiation of BC3H-1 cells (13, 20) . Briefly, nuclei were isolated from BC3H-1 myoblasts and myocytes either in the presence or absence of 30 ng/ml FGF and allowed to continue transcribing in vitro in the presence of [32P]UTP. The radioactivity incorporated into RNA in the transcription reactions was hybridized to filters containing the complete protein coding sequence of either insulin receptor (28) or GAPDH (29), and measured by autoradiograms.
Protein extracts. Nuclear extracts were prepared from BC3H-1, HepG2, IM-9, and HTC cells by the method of Dignam et al. (30) . Briefly, 1.0 X 108 cells were washed with PBS at 4°C and harvested into buffer A ( 10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT). After centrifugation ( 1,200 rpm for 10 min), cells were resuspended in buffer A and kept on ice for 1O min. Cells were then homogenized with a glass Dounce (type B) and centrifuged at 3,000 rpm. Equal number of nuclei from myoblasts and myocytes were resuspended in buffer B (20 mM Hepes, pH 7.9, 0.55 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF, 2 Mg/ml antipain, I jig/ml leupeptin), and homogenized. The suspension was centrifuged for 1 h at 35,000 rpm and the supernatant dialyzed against buffer C ( 15 mM Hepes pH 7.9, 20% glycerol, 1 mM EDTA, 40 mM KCI, 0.5 mM DTT, 0.5 mM PMSF). Final protein concentrations in the extracts were determined using the colorimetric assay of Bradford (31 ) . The extraction of nuclear protein ( 1-2 mg/ ml) was the same for myoblasts and myocytes. Nuclear extracts of 3T3-LI preadipocytes and adipocytes (32), normalized by measuring the concentration of the serum response element binding protein, were kindly provided by Dr. M. Alexander (Harvard University).
Gel retardation assay. Binding reactions were performed with 4 tg of nuclear extract in the presence of increasing concentrations of poly(dl-dC) as competitor DNA in a buffer containing 15 mM Hepes (pH 7.9), 1 mM EDTA, 40 mM KC1, 0.5 mM DTT, and 5% glycerol (33) . After 15 min of incubation at room temperature, 1-3 ng 32P-5'end-labeled probe DNA was added, the reaction mixture was incubated for an additional 30 min, and the reaction products were then separated by electrophoresis through a nondenaturing 6% polyacrylamide gel in 0.5X TBE (lx TBE = 50 mM Tris, 50 mM boric acid, and 1 mM EDTA). Gels were then dried and subjected to autoradiography overnight at room temperature. In the absence of poly(dl-dC), the end-labeled probe DNA remained at the top ofthe gel due to its interaction with nonspecific DNA-binding proteins in the nuclear extracts.
To obtain probe DNA for gel retardation assays, a clone containing 1.8 kb of 5' genomic sequence for the insulin receptor( 34) was digested into five fragments with appropriate restriction endonucleases and end-labeled them with [32PJdATP and [32P]dCTP using DNA polymerase I (35) .
Footprinting assay. For the DNase I footprinting assay, 10 ng of each fragment was labeled with 32P at the upstream 5 end and reacted with 8 Mg of nuclear protein. Poly(dl-dC) was used to compete for nonspecific binding. The reaction mix in a 25-eu volume was digested with 2.5 Ml ofDNase I ( 10 Mg/ml) at 22°C for 1 min in the presence of 5 mM MgCI2 and 2.5 mM CaC12. Digestions were terminated by adding EDTA to a final concentration of 12 mM and placing the samples at 4°C. Products were then separated on a 6% polyacrylamide gel as described above, and the wet gel was exposed to x-ray film for 2 h at 4°C. The major shifted band and the band representing unbound probe were located by autoradiography, excised from the gel, the labeled DNA was extracted as described by Maxam and Gilbert (36), and separated on a 8% polyacrylamide-8 M urea sequencing gel.
Construction ofinsulin receptor-CA T expression vectors. To test for functional activity, DNA fragments from the regulatory region of the insulin receptor gene were inserted into the unique Pst 1 and Sal 1 sites ofthe promoterless pCAT-Basic vector and cloned so that the recombinant vectors contained the E3 or C2 sequences either in the sense or antisense (as) orientation, both upstream from the bacterial chloramphenicol acetyltransferase (CAT) reporter gene. All plasmid constructs (pCAT-C2, pCAT-E3, pCAT-C2as, and pCAT-E3as) were verified by restriction enzyme mapping, transfected into HB101 bacterial cells, grown in large scale culture, and purified by cesium-chloride density gradient ultracentrifugation (35) .
Transient expression studies. 16 h before transfection, HepG2 cells were plated in 60-mm dishes at a density of 5 X I05 . Plasmid constructs and pSV-f3-galactosidase control plasmid were then transfected into HepG2 cells by the calcium phosphate precipitation method (37) . 48 h after transfection, cell extracts were prepared by three cycles of freezing-thawing, heated to 65°C for 10 min to inactivate endogenous deacetylases, then assayed for CAT activity with 0.25 mCi [ (4Cj chloramphenicol in a 125-Ml reaction (37) . Quantitation ofCAT activity was done by either laser densitometric scanning of the autoradiograms of TLC separation of CAT reaction products or by liquid scintillation counting (LSC) of the two major acetylated forms of '4Clabeled chloramphenicol. As internal control oftransfection efficiency, ,B-galactosidase activity was measured (Promega technical bulletin).
Insulin receptor radioimmunoassay. The insulin receptor content of nonmyogenic cell lines was measured by a specific radioimmunoassay as previously described (38) . Cultured cells were solubilized with 50 mM Hepes buffer containing 1% Triton X-100, 1 mM PMSF and 0.5 mg/ml bacitracin for 1 h at 4°C. Values were measured on a standard curve using a purified human placenta insulin receptor as a standard (38) .
Results
Effects ofdifferentiation on insulin receptor gene transcription. When BC3H-I myoblasts differentiated into myocytes (after lowering the FBS concentration from 20 to 1%), there was an increase in the transcription rate for the insulin receptor as measured by run-on assays ( Fig. 1 ). After 7 d of differentiation, the insulin receptor gene transcription increased fivefold as measured by laser densitometric scanning of the autoradiograms (Table I) . When cells were incubated in media with 1% FBS plus 30 ng/ml FGF, insulin receptor gene transcription was not inhibited but rather increased further ( Fig. 1 and Table  I ). As a control, the transcription rate of the mouse GAPDH gene was measured. The transcription rate ofthe GAPDH gene did not increase under the conditions studied.
Specific interaction ofnuclear proteinsfrom BC3H-1 cells with the regulatory region ofthe insulin receptor gene. To identify possible binding sites for trans-acting factors within the insulin receptor upstream region, a number of probes were generated using a clone containing 1.8 kb of 5' genomic sequence for the insulin receptor (34). First, we digested the 1.8 kb genomic sequence into five fragments (A-E) by using the enzymes Bgl2, Pstl, Xhol, Hind3, Sstl, and Ncol, and then end-labeled them with 32P ( Fig. 2 ). Next, nuclear extracts from BC3H-I cells were incubated with each radiolabeled fragment and tested for the presence of specific DNA-binding factors using a gel retardation assay (27) . In initial experiments using undifferentiated and differentiated BC3H-I cells, in vitro binding activity was demonstrated in only two of the five DNA fragments used, fragment C (-576/-874) and fragment E (-1304/-1818) (Fig. 2 associated with a further increase in this function ( Fig. 3 a and Table I ). The increase in DNA binding by E3 paralleled the increase in insulin receptor gene transcription.
Detection ofproteins that bind to the 200-bp subfragment C2 of the insulin receptor gene. We next incubated nuclear extracts from BC3H-1 cells with 32P-labeled subfiagment C2
(-674/-874). The results demonstrated that an insulin receptor DNA-binding complex was also detectable within this region of the insulin receptor gene. Like the E3 DNA-protein complex described above, it increased with differentiation of myoblasts into myocytes and was further increased by FGF treatment (Fig. 3 b and Table I ). As with subfragment E3, the increase in nuclear binding by C2 paralleled the increase in insulin receptor gene transcription. Specificity ofDNA-protein binding. To determine specificity of DNA-protein binding, competition assays were performed. A 30-fold excess ofeither unlabeled subfragment E3 or unlabeled subfragment C2 significantly reduced the binding of labeled E3 and labeled C2 to the DNA binding proteins, respectively ( Fig. 4) . Moreover, 22-mer double stranded synthetic oligonucleotides representing the consensus binding sites for the nuclear proteins Spl, Apl, Ap2, Ap3, and NFl /CTF did not compete for binding of nuclear proteins to subfragments E3 and C2 even at 200-fold excess of competitor DNA (data not shown). tion from DNase I digestion was observed over a poly A sequence of the coding strand of the E3 subfragment between positions -1775/-1784 and -1767/-1740 ( Figs. 5 and 6 ). The presence, however, of a large poly A region refractory to DNase I cleavage did not allow us to unambiguously determine the precise 3' boundary of the protein binding site. DNase I footprinting using the coding strand of the C2 bound and free probe was also carried out (Fig. 5 ). Protection from enzyme digestion was observed in the region of the protein binding site between nucleotides -782 and -800 (Figs. 5 and 6) . Nuclear protein from myoblast extracts showed identical footprints over the two regions (data not shown).
Competition studies between E3 and C2 DNA subfragments ofthe insulin receptor gene. Since footprinting analysis of the E3 and C2 subfragments of the insulin receptor gene revealed protection of AT-rich regions, competition experiments using the synthetic polynucleotide poly(dA-dT) were carried out. The binding of myocyte nuclear proteins to subfragment E3 was almost abolished when increasing amounts of poly(dA-dT) were used in place ofpoly(dl-dC) (Fig. 7 , a and b). Similar results were obtained using the two polynucleotides with subfragment C2 (data not shown). Moreover, unlabeled subfragment E3 competitively inhibited the binding of labeled C2 to nuclear proteins (Fig. 8 ). In concert with this observation, unlabeled subfragment C2 inhibited the binding of labeled subfragment E3 to nuclear proteins (data not shown). were incubated with either probe E3 or C2. After DNase I treatment, nondenaturing gels were carried out. DNA was extracted from the bands containing shifted and free probes, and again subjected to denaturing gels. As Protein binding activity ofsubfragments E3 and C2 to nuclear extracts from other cell types. We next determined whether the DNA nuclear binding proteins detected toward the E3 and C2 subfragments ofthe regulatory region ofthe insulin receptor gene were specific to muscle cells. Therefore, we analyzed nuclear extracts from other cell lines: mouse 3T3-L1 cells (32) , HepG2 human hepatoma cells (39), IM-9 human lymphocytes (38) , and HTC rat hepatoma cells (40) . Mouse 3T3-Ll cells (and related cell lines) can be induced to differentiate from preadipocyte fibroblasts into adipocytes (41 ) . Concomitant with differentiation, insulin receptor mRNA (25) and insulin receptor binding (42) markedly increase. Nuclear extracts from preadipocytes had relatively low binding to subfragments E3 and C2 (Fig. 9, a and b) . After differentiation into adipocytes, nuclear protein binding to DNA increased markedly ( Fig. 9, a and b ).
HepG2 and IM-9 cells, which have relatively high concentrations of insulin receptors (38, 39) , had relatively high concentrations of DNA binding proteins for both subfragments (Table II) concentrations of DNA binding proteins for both subfragments (Table II) .
Functional analysis ofsubfragments E3 and C2 ofthe insulin receptor gene. To investigate whether these two protein-DNA binding sites ofthe insulin receptor gene were important for transcriptional activation, both subfragments E3 and C2 were ligated into the polylinker site ofthe promoterless pCAT-Basic vector, upstream of the CAT reporter gene, either in the sense or antisense (as) orientation. These new vectors (pCAT-C2, pCAT-C2as, pCAT-E3, and pCAT-E3as) were transiently transfected into HepG2 cells, a cell line that readily expresses both insulin receptor DNA-binding proteins (Table II) . Cell extracts were prepared and CAT activity was assayed by either the TLC separation of CAT reaction products or by using the more sensitive LSC method. The results ofthese studies demonstrated that C2-and E3-containing vectors exhibited a fourand eightfold increase in CAT expression, respectively (Fig.  10) . In contrast, no CAT activity was observed in E3asand C2as-containing vectors when compared with the parent promoterless pCAT-Basic vector (Fig. 10) . Interestingly, in transfected HTC cells, in which the abundance of both insulin receptor-DNA binding proteins is relatively low, CAT activity of E3and C2-containing vectors was significantly reduced, compared with that of HepG2 cells (data not shown). In initial experiments, each subfragment was inserted downstream of the CAT gene, into a plasmid containing SV40 promoter se- quences upstream of the CAT coding region (pCAT-Promoter vector). Neither E3 nor C2 exhibited CAT activity (data not shown). Therefore, these results strongly indicate that these two sequences of the regulatory region of the insulin receptor gene have functional activity and act as promoter elements driving transcription of the CAT reporter gene when transfected into mammalian cells.
Inhibition of CAT activity by the synthetic polynucleotide poly(dA-dT). Because of its ability to compete for binding of myocyte nuclear proteins to E3 and C2 subfragments in vitro, we next examined whether the synthetic polynucleotide poly(dA-dT) could interfere with the transcriptional activity of insulin receptor sequence-specific DNA binding proteins in vivo. Competition experiments were carried out by transfecting the polynucleotide poly(dA-dT) into HepG2 cells in the presence of either pCAT-C2 or pCAT-E3 vectors. A similar approach has been successfully used to inhibit the expression of endogenous interleukin 2 gene in mammalian cells (43) . Fig.  11 shows a dose-dependent inhibition of E3-driven CAT activity by the synthetic polynucleotide. Poly(dA-dT) at 200 pM caused > 80% decrease in this function. Higher concentrations of poly(dA-dT) had no further effects. In contrast, when poly(dl-dC) was used in place ofpoly(dA-dT), a small nonspecific reduction in E3-dependent CAT activity was observed ( Fig. 11 ). Similar results were obtained using both polynucleotides with the pCAT-C2 vector (data not shown).
Discussion
The insulin receptor is present in many cells, but its expression is variable due to tissue-specific factors, hormones, and differentiation (2-5, 16, 17) . In this study, we employed BC3H-1 muscle cells in which differentiation induces a marked increase in insulin receptor gene transcription ( 13, 20) . We used gel retardation assays to detect two discrete regions of the insulin receptor gene that specifically interact with nuclear binding proteins. Binding of nuclear extracts to both regions markedly increased with differentiation. This increase paralleled the increase in insulin receptor gene transcription. Moreover, FGF increased the amount of these proteins. Since FGF blocks the differentiation-induced increase of muscle-specific proteins ( 13, 20) , these data indicated, therefore, that these nuclear binding proteins for the insulin receptor gene are regulated by a different mechanism than that which regulates muscle specific proteins.
We also studied several non-muscle cell lines. In 3T3-L1 cells, differentiation from preadipocytes to adipocytes was associated with the appearance of the two nuclear binding proteins. In HepG2 hepatocytes and IM-9 lymphocytes, two cell lines with relatively high insulin receptor expression, the same two insulin receptor DNA binding proteins were readily detected. In contrast, in HTC rat hepatoma cells, a cell line with relatively low insulin receptor expression, these two proteins were not readily detected. These data indicate, therefore, that these nuclear binding proteins for the insulin receptor gene are not specific to muscle cells, and in other tissues they appear to correlate with insulin receptor content.
DNase I protection analysis revealed that the myocyte nuclear factors obtained from BC3H-1 cells protected two ATrich sequences of subfragments E3 and C2. In both subfragments, increasing amounts of poly(dA-dT) resulted in a concomitant decrease in in vitro nuclear protein binding to DNA, suggesting that these two sequences ofthe insulin receptor gene may bind to the same nuclear protein. Unlabeled subfragments E3 and C2 also cross-competed for nuclear binding. These two sequences, therefore, may represent binding sites for the same nuclear protein, or, alternatively, they may represent binding sites for two members of a family of transcription factors that have evolved to recognize distinct but related sequences.
Functional analysis with the CAT reporter gene demonstrated that both E3 and C2 sequences ofthe regulatory region of the insulin receptor gene had a significant ability to drive transcription in intact cells. The fact that this activity was totally dependent upon the orientation of E3 and C2 strongly suggests that these sequences act as promoter elements. The ability of E3 and C2 to drive transcription in intact cells was almost completely abolished by preventing the binding of nuclear proteins to DNA using the synthetic polynucleotide poly(dA-dT).
DNA binding protein interactions with poly(dA-dT) tracts of promoters has not been previously reported in mammalian genes. However, -oligo(dA)-oligo(dT) tracts have been described in yeast DNA and act as promoter elements (44) (45) (46) . For at least three different yeast genes, naturally occurring stretches of poly(dA-dT) are located upstream of coding sequences (44, 45 ). Deletion ofthese sequences markedly diminishes transcription, whereas increasing the length of these sequences enhances their activity (44, 45) . Moreover, it has been shown that properly phased A-tract sequences increase the rate of transcription initiation at the Escherichia coli lac promoter (47) . It has been proposed that these transcriptional effects may be due to exclusion of nucleosomes from poly(dA-dT) regions. The present finding, that the insulin receptor has poly(dA-dT) tracts that interact with DNA-binding proteins, is the first report therefore of regulatory functions for this type of DNA in higher eucaryotes. It should be pointed out that nuclear binding to poly(dA-dT) tracts is relatively specific since fragment D also has such a tract, but DNA binding activity within this fragment could not be detected.
The insulin receptor is a member ofa supergene family that includes the closely related IGF-I receptor and the more distantly related EGF receptor (48) . The IGF-I receptor promoter region has several poly(dA-dT) stretches, but their role in transcriptional control remains to be defined. The EGF receptor does not have similar poly(dA-dT) stretches. For the EGF receptor, transcription appears to be regulated by Spl and receptor specific factors (49, 50) .
In light of these results, our studies of two subfragments of the insulin receptor gene that show DNA binding (-674/ -874 and -1662/ -1818 upstream of the insulin receptor ATG codon) are in general agreement with in vitro functional studies, whereby the influence of promoter subfragments was studied on the activity of a reporter gene such as CAT. Although promoter activity was contained in the first 579 bp of the insulin receptor 5' flanking region (21) (22) (23) (24) (25) , other reports suggested that the full-length promoter region is needed for maximal activity (24) .
In summary, we have identified two DNA binding proteins that are associated with cells that express insulin receptors. These binding proteins interact with unique poly(dA-dT) stretches that are functionally active. These observations raise the possibility therefore that insulin receptor expression in target tissues is regulated at least in part by these nuclear binding proteins.
